CFD study of contact angle effect on rivulet morphology, velocity and residence time. Static contact angle measurements of solvents on commercial structured packings. Physical properties of liquids as input to CFD instead of hypothetical values. Effect of velocity and residence time distribution on gas-liquid mass transfer. Mass transfer rate depends on location within the rivulet and residence time. a b s t r a c t Droplets and rivulets over solid surfaces play an important role in a number of engineering applications. We use a Computational Fluid Dynamics model consisting in a smooth inclined plate to study the effect of the contact angle on the morphology, residence time and mass transfer into liquid rivulets. Measurements of the contact angle-using the sessile drop method-between aqueous monoethanolamine solutions and two commercial surfaces used for gas separation, are introduced as boundary condition. Reducing the contact angle from 60 to 20 flattens the rivulet, increasing the gas-liquid interface area by 85%. The cumulative residence time broadens, with an increase of 12% in s10, and of 37% in s90. There is consequently, a theoretical increase of 68% in the total mass transfer rate. A sensible design of the liquid-solid interaction is therefore crucial to good mass transfer performance.
Introduction
Rivulet flow appears in a number of practical problems such as industrial coating processes (Marshall and Wang, 2005) , rainwind induced vibrations in cable-stayed bridges (Cheng et al., 2015) , microfluidics (Herrada et al., 2015; Labib et al., 2011) , heat exchangers (Hu et al., 2017; Sultanović et al., 1997) and packed bed absorbers (Nawrocki and Chuang, 1996) . In the latter for instance, deeper knowledge is needed on the liquid pattern formed over the packing, which is not a fully developed liquid film, but rivulets and droplets (Fitz et al., 1999; Aferka et al., 2011; Olujić and Jansen, 2015; Olujić , 2002; Brito et al., 1994; Bravo and Fair, 1982) . These liquid formations inside the absorbers have been confirmed by non-intrusive techniques such as gamma-ray tomography, X-ray tomography and neutron radiography (Alix and Raynal, 2008; Basden et al., 2013; Janzen et al., 2013; Fourati et al., 2012) . Electromagnetic imaging methods cannot be applied, though, to gain a detailed insight on some aspects of the flow at a smaller scale, such as velocity distributions within the rivulet and the effect of the spreading coefficient. Computational Fluid Dynamics (CFD) helps to gain understanding on phenomena which would be otherwise difficult to acquire with experimental techniques. This work focuses on the numerical study of the spreading coefficient, i.e. via the contact angle, on the morphology and residence time distribution in gravity-driven rivulets, and their effects on the absorption mass transfer rate. The effect of the contact angle on the wetting characteristics of a smooth inclined plate has been investigated by Mertens and Vorobieff (2005) and by Haroun et al. (2014) , who observed a dependency of the gas-liquid interface area and the liquid hold-up upon the static contact angle in their parametric study. We intend, in this work, to deepen in the cause of the beneficial effect that a greater spreading coefficient has on the absorption mass transfer into liquid structures formed on solid surfaces.
The importance of the interface area and the spreading coefficient on the mass transfer has been highlighted in the literature. Haroun et al. established that the gas-liquid interface area has the greatest effect on the mass transfer performance (Haroun et al., 2014) . Ataki et al. (2006) used CFD to gain more detailed insight about the effect of the contact angle on the morphology and velocity of the rivulet cross-section so as to determine the interface area and liquid hold-up. Singh et al. (2016) presented a parametric study on the variation of the interface area depending on several liquid physical properties gathered in the Kapitza number. Separately, they also included the effect of contact angle. However, the values introduced were hypothetical and not the result of experimental measurements. In contrast, the static contact angle formed by two MEA aqueous solutions on commercial packings is measured in this work and introduced in the CFD simulations as a boundary condition as suggested by Haroun et al. (2014) , along with the properties of the different liquids. The obtained data build on our previous articles (Sebastia-Saez et al., 2014 wherein the effect of the contact angle on the interface area was quantified, as well as on the work of Haroun et al. (2014) , Ataki et al. (2006) and Singh et al. (2016) . All those previous investigations focused then on the quantification of design parameters, e.g. interface area, liquid hold-up and film thickness, but insight on characteristics and explanations at a smaller scale are needed. The present article expands the previous work by analysing theoretically the implications of the morphology and velocity changes of the rivulets on the mass transfer at the millimetre scale, showing that some areas of the rivulet present an enhanced or hindered mass transfer with respect to the ideal case of complete wetting. The said articles did not consider the variation of the residence time distribution upon the wetting characteristics and its implications on the mass transfer either. This article includes the study of the residence time distribution (RTD) of rivulets flowing down an inclined plate as a function of the liquid-solid contact angle.
At present, the numerical modelling of the multiphase flow inside a packed column absorber requires a multi-scale approach owing to limited computational capacity available. The CFD study of structured packing reactors is divided into three scales (small-, meso-and large-scale) (Raynal and Royon-Lebeaud, 2007; Li et al., 2016) . Small-scale implements interface tracking algorithms to visualise how the liquid spreads over a given solid surface. It consists of a smooth inclined plate which mimics a small piece of the packing wall. The contact angle must be introduced as a boundary condition so as to account for the plate texture in order to avoid complex computational meshes. The relation between the structured packing column and the small-scale computational domain is depicted in Fig. 1 . Examples of numerical research carried out using small-scale CFD simulations are those performed by Valluri et al. (2005) , who studied the formation of waves on gravity-driven liquid films. Also, Haroun et al. (2012) used 2D small-scale calculations to visualise the recirculation zones on the corrugations of the packing. Xu et al. (2012 Xu et al. ( , 2014 used CFD to study the effect of the flow rate on the morphology of rivulets. Thus, CFD allows the user to gain insight otherwise difficult to acquire with experimental techniques. The results in this article have been obtained using the small-scale approach.
We study numerically the morphology, velocity field and residence time distribution of the rivulets which form over structured packings used for gas scrubbing, describing their impact on the mass transfer. The numerical study is complemented with measurements of the contact angle on commercial packings using the sessile drop method.
Mathematical modelling
The computational domain consists of an inclined plate with an angle of 45 over the horizontal. The plate is smooth, i.e. no surface texture, so as to make possible the implementation of a structured mesh. The wall texture is indirectly taken into account by the apparent contact angle measurements, which are introduced in the simulations as a boundary condition (Haroun et al., 2014) . The dimensions of the plate are 1.5 cm Â 0.35 cm Â 3 cm (total area of 4.5 cm 2 ). The software used is the commercial package ANSYS-FLUENT v14.0, in which an explicit transient Finite Volume Method (FVM) solver is available. The second-order upwind scheme is selected for spatial discretisation. A variable time-step is chosen for time discretisation to keep the Courant number constant at 0.5. The PRESTO! algorithm is used for pressure-correction. Table 1 are introduced in the simulation set-up. The liquid inlet velocity was 25 cm/s in all the simulations, which ensures the formation of rivulets. Lower velocities may give rise to the detachment of droplets, whereas greater velocities shorten the rivulet and may result in full film flow. The gas phase is stagnant air. The liquid inlet velocity has been selected according to the estimation provided by Haroun et al. (2012) , who state that the liquid film thickness varies between 0.2 and 0.4 mm in structured packing columns. The liquid inlet boundary has a thickness of 0.25 mm. This value was chosen because it corresponds approximately to the thickness of a fully developed laminar film calculated by using Nusselt's theory (Nusselt, 1916) . Fig. 1 shows the relation between the computational domain and a structured packing material. The Volume of Fluid (VoF) method is used for the interface tracking, which introduces a colour function field F calculated with the additional transport equation
Summary of important notation
where t denotes time and v ! is the velocity vector.
The VoF method solves the same set of conservation equations for all the phases involved. Therefore, the density q and the viscosity l are not constant throughout the domain, in spite of the phases being incompressible. Instead, the values of the density and viscosity are corrected by the volume fraction F as
and
in which the subscripts l and g denote liquid and gas phase respectively. The continuity equation considering the variability of the viscosity and the density is Dq Dt
wherein the term S m is the mass source term. The balance of forces combined with Eq. (4) gives the single governing equation
The terms caused by the variability of the viscosity are gathered in S l . The Eqn. (5) corresponds to the application of Newton's second law to a variable-mass system, being the acceleration the sum of two effects: one is the variation of the mass of the system, and the second describes the temporal variation of the velocity. The surface tension is introduced in the model as an additional momentum source term S r by using the Continuum Surface Force (CSF) model (Brackbill et al., 1992) S r ¼ c lg qjrF
in which j is the curvature of the gas-liquid interface.
The non-slip condition, along with the average static contact angle obtained in the experiments, was used as a boundary condition (Özkan et al., 2010) .
Material and methods
The shape of a liquid droplet posed on a solid surface depends on the balance between the interface energy of the three phases at stake, which in the horizontal direction is represented as Young (1805) c lg cosh ¼ c sg À c sl ; where c lg is the surface tension of the liquid, c sl is the interfacial tension between the liquid and the solid and c sg is the surface free energy. Eq. (7) assumes that the solid surface is perfectly homogeneous, with no roughness or texture. Upon these circumstances a single value of the contact angle h, which determines the shape of the droplet, is obtained. In practice however, a hysteresis can appear when measuring contact angles, with variations that can be significant (de Gennes et al., 2005) .
Contact angles were obtained using the sessile drop method with three different liquids on two commercial packings: SULZER CHEMTECH Gewebepackung BX (Packing A) and Mellapak Ò M 250.X (Packing B). Selecting two packings provides a wider vision of the range of contact angles found in commercial surfaces. The latter is a corrugated metallic surface with an embossed texture and a specific surface of 250 m 2 /m 3 , whereas the former is a metallic mesh with a specific surface of 500 m 2 /m 3 . The data on the specific surface of the packings is however, irrelevant to this investigation, since we study the interaction between the liquid and packing at the scale of the surface pattern. The specific area of the packing is important at the scale of the metal sheet corrugation and the repeating geometric pattern of the packing, i.e. the representative elementary unit or REU . Both surfaces are thus heterogeneous, non planar, and therefore the measurements taken correspond to the apparent contact angle, which will be denoted by h as well. 25 measurements were taken in each case. The interaction between the liquid phase and the solid surface is assessed by measuring the apparent contact angle and introduced in the CFD set-up as a boundary condition, as suggested by Haroun et al. (2014) . Samples of the two packings were kindly provided by the manufacturers (SULZER CHEMTECH Ltd) to carry out this study. The liquids were DI water and aqueous monoethanolamine (MEA) solutions (2.5 wt.% MEA and 10 wt.% MEA). The small proportion of solvent in the solutions was enough to change the contact angles within a range (20 < h < 100 ) which modifies significantly the rivulet morphology and residence time. The viscosity, surface tension and density in the presence of air of the three liquids were obtained from the studies reported by Amundsen et al. (2009) and Vázquez et al. (1997) , and are gathered in Table 1 . The droplets were produced using a syringe with an internal needle diameter of 1.5 mm, small enough so that the effect of gravity on the droplet shape could be neglected. Photographs of the droplets were taken with a high resolution camera (Basler acA1929-155 lm) so as to extract the values of the contact angle.
A precision stage (9081 Five-axis Aligner from Newport Corporation) was used to place the surface of the packing sample parallel to the horizontal direction. The images were processed using the free software ImageJ and the plug-in DropSnake. Fig. 2 shows pictures of DI water droplets at equilibrium on both surfaces tested, with a schematic showing the apparent contact angle in both cases.
Results and discussions

Contact angle measurements
The contact angle measurements are gathered in Fig. 3 . Some variability is observed owing to the irregular geometry of the packing surface, as denoted by the box plot whiskers. Measurements were taken on both sides of the droplet so as to ensure coherence of the results. A negligible difference between the left hand side of the droplet (denoted by LHS in the plot) and the right hand side (denoted by RHS) was observed in all of the cases. The average between both is indicated in the title of the plot in each case. Considering the same packing, there is a considerable difference between using an amine solution or DI water, as well as a minimum found with the 2.5 wt.% MEA solution on both surfaces. This difference is attributed to the readjustment of the interfacial energy of the three interfaces at stake depending on the fluid. One instance of solvophobic contact angle was also observed (DI water on packing A), the repercussions of which are summarised in Fig. 7 , and discussed in Section 4.3.
Grid independence check and comparison to available experimental data. Effect of the contact angle on the interfacial area
Three different structured grids were tested, the details of which are in Table 2 . The grids were computed with the commercial package ANSYS-ICEM using the blocking strategy.
The grid independence of the gas-liquid interface area, normalised by the area of the inclined plate (4:5 cm 2 ), was checked. Fig. 4 shows its transient development. The simulations are run until normalised flow time s = 5, after which the variations were negligible. The flow time is normalised by the quotient between the length of the domain (3 cm) and the liquid superficial velocity (25 cm/s). The interface area is calculated as the area of the isosurface with volume fraction F ¼ 0:5. The effect of the grid resolution was small in all instances. Information on the grid independence check is included in Table 3 . The maximum relative error was calculated as
where A max and A min are the maximum and minimum normalised interface area in each case, regardless of whether it is obtained with the fine, medium or coarse grid. A 1 is the interface area obtained with the fine grid (Grid-Level 1). The results discussed in the following sections are obtained with the fine grid, i.e. Grid-Level 1. Fig. 5 shows the liquid flow patterns formed depending on the contact angle. The gas-liquid interface is obtained as the isosurface with a volume fraction F ¼ 0:5. The value of the Weber number on the isosurface is represented in the plot. The Weber number is calculated as We ¼ q l v 2 int d=r, with v int being the interface velocity, r the surface tension in Table 1 , and d the thickness of the liquid inlet boundary. The solvophobic case (h ¼ 100 ) presents a different transient development from the rest, with an oscillatory behaviour around the average at (A % 0:31) caused by the periodic detachment of droplets (Fig. 5) . The relative error is greater in this case (e ¼ 0:13) because there is an offset in the droplet detachment. The plot also shows a greater Weber number in that instance. Therefore, surface tension cannot hold the rivulet shape, resulting in its breakage. Furthermore, no lateral rivulets form, since the capillary effects at the corners of the plate are not strong enough. On the other hand, the high spreading coefficient upon solvophilic conditions (h 6 90 ) causes flatter rivulets and lateral rivulets which result in greater interface area. In those cases the maximum relative error observed was e 6 0:04.
Experimental data on liquid spreading over inclined plates are scarce in the literature. Fig. 6 shows the comparison between the cases included in this work and the experimental results of Hoffmann et al. (2005) (water/air on steel). The contact angle measured in their experiments was h ¼ 70 , which has been indicated in the graph. The contact angles obtained in this work are also indicated. The solvophilic case with DI water is close to the experimental data, provided that there is a small difference in the contact angles (60 against 70 respectively. The difference between the experiments and our simulations using aqueous Fig. 3 . Box plot of the apparent static contact angle measurements. In each case, measurements were taken on both sides of the droplet. LHS and RHS correspond therefore to the left and right hand side of the droplet respectively.
Table 2
Number of nodes in each direction and the total number of nodes in the three grid-levels used. The minimum grid spacing in each grid-level is also shown. MEA solutions is greater, since there is a substantial change in the contact angles. Upon solvophilic conditions, a decrement on the contact angle causes greater difference between the width and the maximum thickness. This flattening implies a greater rivulet contour length through which the mass transfer can occur. A turning point in the contour length and the width is also observed in the transition between solvophilic and solvophobic contact angles (h ¼ 90 ). In the solvophobic case, the rivulet contour length is similar to that measured at h ¼ 23 , however, this case presents the least interface area (Fig. 7b) , owed to the lateral rivulets not forming on either side of the inclined plate. The accretion in the rivulet contour length appears thus, because it must carry the liquid flow rate of the lateral rivulets as well. Fig. 8 shows the velocity isolines and the rivulet contour for DI water and the 2.5 wt.% MEA aqueous solution on packing B. The plot represents an xy plane located halfway through the domain (z = 1.5 cm) according to the reference frame shown in Fig. 1 . Owing to the symmetry of the flow, only half of the plane is shown, although the meander observed in the DI water rivulet (see Fig. 6 , bottom left) causes an offset between the maximum thickness and the symmetry axis of the domain. The horizontal dashed line Fig. 4 . Transient evolution of the interface area for the six cases tested using three different grids.
Table 3
Normalised interface area obtained with the three different grids considered. The results correspond to those presented in Fig. 4 represents the thickness of a laminar fully developed liquid film with the same flow rate used for comparison, which will be referred to as equivalent liquid film from now on. Using the velocity profile obtained theoretically by Nusselt (1916) , one can calculate the value in the gas-liquid interface of the equivalent liquid film (v int;film = 26.86 cm/s and v int;film = 26.55 cm/s for DI water and the 2.5 wt.% MEA aqueous solution respectively). The velocity field shown in Fig. 8 is normalised by v int;film as
The maximum normalised velocity observed in the rivulets is f = 1.6 in the case of DI water and f = 1 for the amine solution. Therefore, reducing the contact angle has two effects (flattens and slows the rivulet down), which affect the mass transfer. As for the velocity change, the mass flux N of a gas component through the gasliquid interface can be formulated as a function of the normalised velocity f as follows. Considering that the gas component penetrates a short distance in the liquid phase, the mass flux is, according to Higbie's theory (Higbie, 1935) 
where c 0 and D are the solubility and the diffusivity of the gas component into the liquid phase. The exposure time t exp can be approximated as the quotient between the distance travelled by the liquid z and the velocity at the interface of the liquid phase v int . Eqn. (10) can thus be reformulated as Introducing the normalised velocity f, Eqn. (11) is rewritten as
where N film represents the mass flux into the equivalent liquid film. Mass transfer is then enhanced in those areas in which f > 1 and hindered when f < 1, with respect to the equivalent liquid film (f = 1). In the quickest part of the 2.5 wt.% MEA aqueous solution, the mass flux is enhanced by a factor ffiffi ffi f p ¼ 1:07, that is a 7% increase, with respect to the equivalent liquid film in a small portion of the rivulet surface. However, the total interface area of the liquid film is 20% greater than that formed by the 2.5 wt.% MEA aqueous solution on Packing B. Therefore, a complete liquid spreading, maximising the interface area, is more desirable from the mass transfer point of view despite the local gain in the mass flux observed in some small parts of the rivulet.
The contact angle also affects the residence time distribution through its effect on the velocity. The normalised residence time s is obtained as
where t is the quotient between the length of the plate (3 cm) and the liquid inlet velocity (25 cm/s). Fig. 9 shows the total EðsÞ and cumulative FðsÞ frequency histograms of the normalised residence time distribution (RTD) for all the solvophilic cases. The greatest total frequency appears around s ¼ 1 in all of the instances as expected. The variance of the residence time is calculated as
The RTD curves depicted in Fig. 9 can be approximated to that of an ideal laminar-flow reactor (LFR), with a single peak in s % 1 and the mean value at s > 1. The analysis of the velocity distributions in Fig. 8 shows that the proportion of the central rivulet crosssection area with normalised velocity f < 1 has an inverse relation with the variation of the contact angle, and consequently, the percentiles that define the RDT curve, in particular s90 and s10, move toward the right-hand side of the graph, meaning that tracer particles spend more time within the domain at smaller contact angles. The cause of this changes is the flattening of the rivulet at smaller contact angles, which increases the rivulet contour line and the rivulet cross-section. The velocity distribution has subsequently to adapt to the new morphology so as to maintain the volumetric flow rate, which is imposed by the upstream velocity boundary condition. Owing to the flattening at smaller contact angles, a greater proportion of liquid is slowed down by the shear stress at the wall, which is determined by the imposed pressure gradient. The variance r 2 is affected accordingly, with a substantial increase %192%, with respect to the variance at h ¼ 60 .
Introducing the normalised residence time s Eq. (10) reads
where Nj s¼1 is the mass flux at s = 1. The dependence of the factor 1= ffiffiffi s p on the contact angle is obtained using the mean value of EðsÞ in each case. The results are gathered in Table 4 , and are consistent with Eq. (11), which establishes that the mass flux is proportional to the squared root of the interface velocity. As discussed earlier, smaller contact angles result in greater rivulet crosssections, and therefore, the velocity of the rivulet diminishes, and the mean residence time increases. The overall result is therefore Fig. 7 . Effect of the contact angle on the contour length, width and maximum thickness of the central rivulet (a), and effect of the contact angle on the total interface area over the inclined plate (b). A discontinuous line linking the measured points was added to facilitate the visualisation of the trend. The vertical line delimits the transition between the solvophilic and solvophobic contact angles. a decrease of the mass flux with the contact angle as indicated in Table 4 . The final amount of gas-liquid interface area in the computational domain will determine the mass transfer. The overall mass transfer rate is the result of multiplying the mass flux times the gasliquid interface area A in the computational domain. By doing so, one can see that reducing the contact angle results in better mass transfer performance, owing to the substantial increase in the interface area.
Conclusions
We have studied numerically the effect of the contact angle on the morphology and residence time distribution of gravity-driven liquid rivulets, as well as analysed theoretically their effect on the absorption mass transfer. The model consisted in a 3D smooth, inclined plate in which the contact angle was introduced as a boundary condition in order to consider the geometry of the packing surface indirectly. To this end, contact angles formed by droplets of aqueous MEA solutions and pure DI water were measured on two commercial structured packings: Gewebepackung BX and Mellapak Ò M 250.X provided by SULZER CHEMTECH Ltd.
The analysis of the rivulet morphology highlighted that the maximum thickness, width, and total length of the rivulet contour depend strongly on the interaction between the solution and the packing used. Rivulet flattening occurs at smaller contact angles, which increases the liquid spreading. The velocity profiles are also affected by the rivulet morphology, since the change in rivulet cross-section must carry a readjustment of the velocity field so as to keep the volumetric flow rate. Analysing Higbie's penetration theory, one can see that the spreading coefficient has two opposite effects on the mass transfer. Weaker interaction results in greater absorption mass flux, as established in Eqn. (11), but also in less liquid spreading. Quantification of these two opposite effects proves that it is best to promote maximum liquid spreading, owing to the effect of the latter on mass transfer being greater than that of the rivulet morphology. Wetting enhancement can therefore pave the way toward improving the mass transfer performance significantly.
Further analysis of the velocity field within the rivulet crosssection reveals that some parts of the contour have greater interface velocities than the equivalent liquid film. Some parts of the rivulet contour have therefore enhanced mass transfer with respect to the ideal case of total liquid spreading. This effect is more pronounced upon smaller spreading coefficients. This insight could be utilised in the design of mass transfer equipment, for instance by channelling solvophobic rivulets in order to reduce the dependence between the contact angle and the liquid spreading while keeping high interface velocity. 
